Adiponectin is a protein hormone involved in maintaining energy homeostasis in metabolically active tissues. It enhances glucose and lipid metabolism via activation of AMP-dependent kinase (AMPK) in skeletal muscle and liver. Energy homeostasis is vital for the heart to work as a pump. In this study, we investigated whether adiponectin and its receptors are expressed in adult ventricular cardiomyocytes. We observed adiponectin transcript and protein in cultured ventricular cardiomyocytes isolated from adult rat, by quantitative real-time PCR, ELISA assays, Western blots, and immunofluorescent staining. In addition, we detected adiponectin receptor (AdipoR1 and AdipoR2) expression in the heart. AdipoR1 was expressed in rat myocardium at a level of about 50% of that in skeletal muscle; whereas adipoR2 was expressed at a similar level to that in liver. Rosiglitazone, a Peroxisome proliferator activated receptor γ (PPARγ) activator, substantially elevated expression of adiponectin in cultured cardiomyocytes and its secretion into cultured media. Rosiglitazone also increased adipoR1 and adipoR2 expression in cardiomyocytes. Treatment of recombinant globular adiponectin in cultured cardiomyocytes increased fatty acid oxidation and glucose uptake via activation of AMPK, suggesting a role for adiponectin in cardiac energy metabolism. Together, these data establish the existence of a local cardiac-specific adiponectin system that is regulated by PPARγ. Moreover, these findings indicate a role for adiponectin on normal myocardial energy homeostasis, in part, through the activation of AMPK.
Introduction
Adiponectin is a protein hormone secreted predominantly by differentiated adipocytes and involved in energy homeostasis. It modulates glucose and lipid metabolism via activating AMP-activated protein kinase (AMPK) activities [1, 2] . Adiponectin contains an N-terminal collagenous domain and a C-terminal globular domain. The globular domain as a proteolytic product is the most potent form that activates AMPK activity, enhances fatty acid oxidation (FAO) and glucose uptake in skeletal muscle and liver [2] . The adiponectin receptors, AdipoR1 and AdipoR2, have been characterized [3] . AdipoR1 is abundantly expressed in skeletal muscle, whereas AdipoR2 is predominantly expressed in the liver [3] . Adiponectin and its receptor can be detected in cultured atrial cardiomyocytes [4] . Moreover, left-ventricular pressure-overload induced by transverse aortic banding in adiponectin-deficient mice results in exacerbated concentric cardiac hypertrophy and increased mortality with increased extracellular signal-regulated kinase (ERK) and diminished AMPK signaling in mouse heart [5] . However, it is uncertain whether adiponectin and/or its receptors are expressed in adult ventricular cardiomyocytes and how they are regulated.
Fatty acids and glucose are essential fuel sources utilized by cardiac muscle to meet its energy needs. Peroxisome proliferator activated receptors (PPARs: α, β/δ and γ), members of the nuclear hormone receptor superfamily of ligand-dependent transcription factors, transcriptionally regulate energy metabolism and homeostasis; whereas AMPK posttranscriptionally activates glucose and fatty acid metabolism during hypoxic stress or extreme metabolic demand [6] [7] [8] . However, little is known about the upstream regulator(s) that modulate AMPK activities in cardiomyocytes. As important determinants of energy metabolism; PPARγ, adiponectin and AMPK may play important roles in maintaining energy homeostasis in cardiomyocytes. Thus, understanding their role in cardiomyocyte function is crucial.
In the present study, we demonstrate that adiponectin and its receptors are expressed and relatively abundant in adult ventricular cardiomyocytes. PPARγ activation enhances the expressions of adiponectin and its receptors. Moreover, adiponectin treatment activates AMPK and elevates FAO and glucose uptake in cultured ventricular cardiomyocytes. These results establish the importance of the adiponectin system in adult ventricles and implicate an important role for adiponectin in maintaining myocardial energy homeostasis.
Materials and Methods

Culture of adult rat cardiomyocytes
Adult rat (Sprague Dawley, Taconic, Petersburgh, NY) ventricular cardiomyocytes were isolated and cultured as described previously [9] with minor modifications. Adult rats (2-3 month-old) were anesthetized with ketamine (4 mg/kg IM) and xylazine (50 mg/kg IM), as previously described [10] . The heart was quickly removed and retrogradely perfused under constant pressure (60 mm Hg) at 37°C for ~4 min with a Ca 2+ -free buffer containing (in mM) (130)NaCl, (5)KCl, (5)MgSO 4 , (21)glucose, (1)NaH 2 PO 4 , (20)taurine, (5)creatine, (5)Na pyruvate, (23)HEPES. Enzymatic digestion was initiated by adding collagenase II (1 mg/ml, Worthington) and CaCl 2 (50 μM) to the perfusion solution. After ~10 min of digestion, the ventricle was quickly removed and gently teased into small pieces with fine forceps in the perfusion solution with 50 μM CaCl 2 . The ventricle tissues were further dissociated using plastic transfer pipettes with different sized openings (2-mm, 1.5-mm, and then 1-mm diameters) until all the large pieces were dispersed into cell suspension. The solution was filter with 70 μm nylon cell strainer (Fisher Scientific, Waltham, MA) to exclude un-digested tissues. After the cardiomyocytes were pelleted by gravity for ~10 min, the supernatant was aspirated and the cardiomyocytes were resuspended in the perfusion solution containing serum free and calcium (50 μM). The above steps were repeated 3 times to eliminate other cell types such as adipocytes. Increased calcium concentrations were achieved by gradually adding CaCl 2 from 50 mM to 1 mM. The cardiomyocytes pooled from three hearts were then plated in six culture dishes which were pre-coated for 1 hour with 10 μg/ml mouse laminin (Invitrogen, Carlsbad, CA) in PBS at 37°C. Cardiomyocytes were cultured for 1 hour to allow attachment to the culture dish and carefully washed with serum free M199 media 3 times. The un-attached cells were discarded. The above cardiomyocytes were cultured for 12 hours in M199 media with 5% fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 μg/mL). After 24 hours of culturing in serum-free conditions, the cells either collected for transcript and protein analyses or for further experiment with rosiglitazone (10 μM) treatments. Potential contamination of adipocytes was further excluded by negative Oil-red O staining on the above cultured cardiomyocytes. The culture protocol yielded an average of 80% rod-shaped myocytes at a plating density of 50 cells/mm 2 that were viable at pH 7.2 for 48hr. Experiments were performed the day following isolation and culture.
All experiments were conducted in accordance with the principles and procedures described by NIH Guidelines for the Care and Use of Experimental Animals and were approved by Institutional Animal Care and Use committee of Atlanta University Center.
Culture of 3T3-L1 preadipocytes and differentiated adipocyte
3T3-L1 preadipocytes were cultured in DMEM containing 10% calf serum with penicillin (100 U/mL) and streptomycin (100 μg/mL) [11] . For MDI (methylisobutylxanthine, dexamethasone, and insulin) induced differentiation, confluent preadipocyte monolayers were incubated for 48 h in DMEM containing 10% fetal bovine serum and a differentiation cocktail consisting of methylisobutylxanthine (115 μg/mL), dexamethasone (390 ng/mL), and insulin (10 μM). After 48 h, the cells were maintained in DMEM containing 10% fetal bovine serum, antibiotics, and insulin. The medium was changed every 2 days. The cell morphology was monitored daily for the appearance of cytoplasmic lipid droplets, using a phase-contrast microscope and oil red O staining.
Transcript analyses
RNA isolation-The left ventricle, liver and skeletal muscle (tibialis anterior muscle) from anesthetized rats were harvested and frozen in liquid nitrogen. After homogenization, total RNA from the above tissues was isolated using the RNA isolation kit (Qiagen, Valencia, CA) per the manufacturer's instructions. Total RNA was also extracted from cell lysates from cardiomyocytes and adipocytes using the same method and reverse transcribed into cDNA using the Superscript first strand cDNA synthesis kit (Invitrogen, Carlsbad, CA) per manufacturer's instructions.
Quantitative Real-time PCR-The mRNA levels were quantitated by using quantitative real-time PCR (QPCR). Specific primers were designed for each gene of interest followed by standard PCR reaction chemistry with the addition of the fluorescent DNA-binding dye, SYBR Green I (Roche, Indianapolis, IN). Serial dilutions of an external standard with a predefined known concentration were used to create a standard curve. QPCR results for each gene were analyzed and reported by LightCycler software version 3.5 (Roche, Indianapolis, IN). The determination of unknown sample concentration involved determination of the crossing point value, which correlated inversely with the log of the initial template concentration. Values were controlled for reverse transcription efficiency and cDNA loading by normalizing with an endogenous control (β-actin).
Primer sequences (all for rat): adipocyte fatty acid-binding protein (aP2, GenBank accession: NM_053365), forward: TTGTGGGGACCTGGAAACT, reverse: TGTCATCTGGGGTGATTTCA (222 bp); Adiponectin (GenBank Accession No. NM_144744), forward: 5′-TCCTGGTCACAATGGGATACC-3′, reverse: 5′-ATCTCCTGGGTCACCCTTAGG-3′ (109 bp) [12] ; AdipoR1 (GenBank accession: DQ148391), forward: 5′-GCTGGCCTTTATGCTGCTCG-3′, reverse: 5′-TCTAGGCCGTAACGGAATTC-3′ (158bp); AdipoR2 (GenBank accession: DQ148392), forward: 5′-CCACAACCTTGCTTCATCTA-3′, reverse: 5′-GATACTGAGGGGTGGCAAAC-3′ (100bp). The PCR amplification reaction was done in 20 μl containing 4 mM MgCl 2 , 0.5 μM each primer pair, 2 μl FastStart SYBR Green mix (Roche, Indianapolis, IN), and 2 μl template cDNA. Efficiency for each primer pair was assessed by using serial dilutions of RT product.
Protein analyses
Western blots-For the detection of adiponectin, total protein samples were extracted and subjected to SDS-PAGE electrophoresis. For the detection of adipoR1 and adipoR2, protein samples from both plasma membrane (PM) and light microsome (LM) fractions were extracted according to the method of Mitsumoto and Klip [13] . Briefly, the heart, liver and skeletal muscle (about 30 mg) were homogenized in homogenization buffer A (250 mmol/l sucrose, 5 mmol/l NaN 3 , 2 mmol/l EGTA, 200 μmol/l phenylmethylsulfonyl fluoride [PMSF], 1 μmol/l pepstatin A, 1 μmol/l aprotinin, and 20 mmol/l HEPES [pH 7.4]). The homogenate was centrifuged at 760 x g for 5 min to remove nuclei and unbroken cells. The supernatant was centrifuged at 31,000 x g for 60 min to pellet the crude plasma membrane (PM). The light microsomes (LM) were collected from the 31,000 x g supernatant by centrifugation at 190,000 x g for 60 min (Optima TLX Utracentrifuge, Beckman, Fullerton, CA). Both PM and LM pellets were suspended in the homogenization buffer and frozen at −80°C until use. For the detection of adiponectin, protein samples were extracted from isolated adult rat cardiomyocytes. Approximately 30-50mg isolated adult rat cardiomyocyte was homogenized in buffer B (50 mM TRIS-HCl, containing 105mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS and 2mM EDTA, 5 mmol/l NaN 3 , 2 mmol/l EGTA, 200 μmol/l phenylmethylsulfonyl fluoride [PMSF], 1 μmol/l pepstatin A, 1 μmol/l aprotinin (pH=7.5) and centrifuged (14 000 rpm) for 15 minutes. The supernatant was collected as a cytosol fraction. For immunoblotting, 50 μg of denatured protein for detecting adiponectin and 30 μg of denatured protein for detecting adipoR1, adipoR2 were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) on a 12.5% polyacrylamide gel (Bio-Rad, Hercules, CA), and separated proteins were electrophoretically transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA). Nonspecific binding was blocked by incubation with 5% nonfat dry milk for 1 hour. The PVDF membranes were then incubated with the following antibodies overnight at 4°C. Rabbit antibodies for adipoR1 (Alpha Diagnostic, San Antonio, TX) as well as adipoR2 (Phoenix Pharmaceuticals, Burlingame, CA) were used. Both of these antibodies have been used in previous studies for the specific detection of adiponectin receptors [14, 15] . Polyclonal antibody for adiponectin was obtained from Santa Cruz biotechnology (Santa Cruz, CA, cat#: sc-17044-R, lot #:I1304). A blocking peptide (Santa Cruz Biotechnology, Santa Cruz, CA, cat#: sc-17044-P, lot #:H142) was also obtained and applied as a negative control. The concentration of anti-adiponectin antibody was 1:1000. After washing in Tween-20 buffer, the membranes were incubated with goat anti-rabbit horseradish peroxidase (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hour at room temperature. Antibodies for acetyl CoA carboxylase II (ACC) and phosphorylated ACC (pACC) were purchased from Santa Cruz Biotechnology. The Typhoon phosphoImager scanner (Amersham, Piscataway, NJ) was used for quantitative measurement of protein signals. Sample loadings were normalized by immunoblotting with an anti-actin polyclonal antibody (SIGMA-Aldrich, St. Louis, MO).
ELISA assessment of adiponectin concentration in media of cultured cardiomyocytes-Media from adult cardiomyocyte cultures were analyzed using a Rat Adiponectin ELISA kit from B-Bridge (Sunnyvale, CA). The assay was performed according to the manufacturer's protocol. Briefly, the wells of a microtiter plate coated with a pretitered amount of adiponectin antibody were loaded with 100 μl volumes of duplicate samples and adiponectin standards in the order of ascending concentration. After a second biotinylated antirat polyclonal antibody was added and washed, 100 μl of enzyme solution (streptavidinhorseradish peroxidase) and 100 μl of substrate solution were added. The enzyme activity was measured spectrophotometrically by the increased absorbance at 450 nm. The amount of captured adiponectin in the samples was calculated from a reference curve generated in the same assay with reference standards of known concentrations of adiponectin with SOFTmax PRO software (Molecular Devices Corporation, Sunnyvale, CA). The minimum detectable limit is 15.6pg/ml of adiponectin.
Indirect immunofluorescent staining
Expression and localization of adiponectin, adipoR1 and adipoR2 in cardiomyocytes were examined using indirect fluorescent staining. Cultured rat adult cardiomyocytes in chamber slides were fixed in 4% formalin buffer for 20 min. After serial washing with PBS and blocking in 10% horse serum in PBS for 1 hour, the same primary antibodies for adiponectin, adipoR1 and adipoR2 used for immunoblotting were diluted in 10% FBS/PBS and applied to the slides and incubated for 12 hours at 4°C. Secondary anti-IgG antibody of the specific species of the primary antibodies and conjugate with Alexa Fluor dyes (Molecular Probe, Carlsbad, CA) were used. Cardiomyocytes treated with normal rabbit IgG served as negative control. The immunofluorescent staining cardiomyocytes were then examined using a confocal microscope.
14 C Palmitate oxidation assay
Rates of FAO in cultured cardiomyocytes on laminin-coated plates were evaluated by 14 C Palmitate oxidation assays. Measurements of cellular palmitate oxidation rates were performed as described [16, 17] . Cultured cardiomyocytes from 2 month-old rats treated with adiponectin (2 μg/ml) were pre-incubated in assay buffer containing [(in mMol/L), HEPES (20) , NaH 2 PO 4 (1), MgSO 4 (0.4), CaCl 2 (1), NaCl (120), KCl (5), glucose (5), palmitic acid (0.2), oleic acid (0.2), pH 7.4] for 30 min at 37°C. Subsequently, a trace amount of [1-14 C]palmitic acid (1μCi/ml, PerkinElmer life Sciences, Waltham, MA) was added and the pre-incubation was continued for an additional 30 min in order to reach steady state. Thereafter, a vial containing 500 μl of CO 2 -trapping medium (NaOH, 0.1 Mol/L) was inserted and the flasks were subsequently sealed airtight. Oxidation was terminated immediately after 30 min by injection of 500 μl HClO 4 (5 Mol/L) through the seal on the lid of the flask. Flasks were then stored at 4°C overnight and the trapping medium was assessed for 14 C activity by liquid scintillation counting.
Glucose uptakes in isolated cardiomyocytes
Glucose transport assays were performed in triplicate in 12-well (22 mm diameter) laminincoated tissue culture plates as described before [17] . Laminin-plated cardiomyocytes from 2 month-old rats were washed 3 times with PBS and cultured in 1 ml of glucose-and serum-free DMEM. Then globular adiponectin (2 μg/ml) and insulin (10nMol/L) were added. After 30 minutes, 1 μCi/μl [ 3 H] 2-deoxyglucose (PerkinElmer life Sciences, Waltham, MA) was added to the culture dish. After 30 minutes, the cultured cardiomyocytes were washed 3 times with cold PBS and lysed in 500 μl of NaOH 1N for 20 minutes at 37°C. A 400-μl aliquot of lysed cells was counted to determine the specific activity of [ 3 H] 2-deoxyglucose normalized to protein concentration.
Myocardial Malonyl CoA content
Malonyl CoA content was measured by HPLC in cardiomyocytes with and without treatment of globular adiponectin (2 μg/ml) for 30 minutes. Malonyl-CoA was extracted from cultured cardiomyocytes with 5% sulfosalicylic acid containing 50 μM of dithioerythritol in 1:9 w/v (mg/μl) proportion and measured with HPLC separation using previously described methodology [18, 19] .
Malonyl CoA decarboxylase (MCD) activity
The enzyme activity was assayed according to a published method [20] with slight modification. MCD activity were estimated by measuring the amount of 14 CO2 generated from [2-14 C] malonyl-CoA in cardiomyocytes with and without treatment of globular adiponectin (2 μg/ml) for 30 minutes. The cell lysis buffer containing 75 mM KCl, 20 mM sucrose, 10 mM Hepes, 1 mM EGTA, 50 mM NaF, 5 mM NaPPi, 1 mM dithiothreitol, and a protease inhibitor cocktail was used. Samples were subjected to sonication on ice for ~5 s and whole cell lysates were used. Protein concentrations of the cell lysates were determined to normalize the final results. The reaction mixture containing 10 μmol of the Tris-HCl buffer (pH 8.0), 0.01 μmol of DTE, 0.02 μmol of [2-14 C] malonyl-CoA (Amersham, Piscataway, NJ), and the enzyme in a total volume of 0.1 ml was incubated for 10 min at 30°C. The 14 CO 2 generated was assessed as described in palmitate oxidation measurement.
Statistical Analysis
Comparisons were analyzed by Student's t test (for two groups; P<0.05) or one factor or mixed, two-factor analysis of Variance (ANOVA) followed by Student-Newman-Keuls and Bonferroni tests (for three or more groups). Results are presented as mean±SEM.
Results
Adiponectin is expressed in cardiomyocytes isolated from adult left ventricles from rats
Adiponectin is an important regulator of energy metabolism as indicated by its potent effects on FAO and glucose utilization in skeletal muscle and in liver [2] . QPCR revealed that adiponectin mRNA was expressed in RNA samples isolated from adult rat cardiomyocytes, albeit at modest levels compared to differentiated adipocytes (Figure 1a) . Adiponectin transcript was also detectable in cultured neonatal cardiomyocytes but at a much lower concentration than that of adult cardiomyocytes (data not shown). On the other hand, we did not detect any adiponectin expression in other cell types such as HeLa cells, predifferentiated 3T3-L1 cells and human embryonic kidney-293 (HEK-293) cells (data not shown). To assess whether the cardiomyocyte cultures were contaminated with adipocytes, we examined the expression of adipocyte fatty acid-binding protein, aP2, an adipocyte marker, in cultured cardiomyocytes and differentiated adipocytes with RT-PCR. While aP2 was not detected in RNA samples from adult cardiomyocyte, the expression of aP2 was abundant in RNA samples from the differentiated adipocytes (Figure 1b) . Therefore, the adiponectin transcript detected from cultured cardiomyocytes is not likely from adipocyte contamination. Western blots using adiponectin-specific antibody for adiponectin revealed that adiponectin protein is expressed in rat adult cardiomyocytes, but largely undetectable in neonatal rat cardiomyocytes (Figure 1c) . Preincubation of the protein samples with a blocking epitope peptide largely eliminated the specific band of adiponectin in protein samples from both cardiomyocytes and adipocytes (Figure 1c) . Analyses with LTQ mass spectrometer further confirmed that the peptide mapping patterns of the particular band matched with adiponectin (data not shown). In addition, immunofluorescent staining with anti-adiponectin antibody of cultured cardiomyocytes revealed that adiponectin is expressed in cardiomyocytes (Figure 1d) . No staining was observed in cardiomyocytes incubated with normal rabbit IgG (Figure 1d ). These data provide definitive evidence that adiponectin is indeed expressed in adult ventricular cardiomyocytes.
Both adiponectin receptors, adipoR1 and adipoR2, are expressed in the heart
AdipoR1 is expressed abundantly in skeletal muscle, and adipoR2 is predominantly expressed in liver [3] . However, little is known about the expression of adipoR1 and adipoR2 in ventricular muscle. By QPCR, we found that transcripts of both adipoR1 and adipoR2 are expressed in rat ventricle tissues (Figure 2a and b) . AdipoR1 mRNA expression was approximately 50 % of that in skeletal muscle. On the other hand, adipoR2 mRNA was expressed at a level similar to that found in liver. Next, we examined adipoR1 and adipoR2 protein expression in cytosolic and membrane fractions from adult left ventricles. Our results show that both adipoR1 and adipoR2 are expressed in the plasma membrane (PM) fraction at similar levels to that observed in skeletal muscle and liver (Figure 2c) . Similarly, immunofluorescent staining confirmed that adipoR1 and adipoR2 protein are expressed in adult cardiomyocytes isolated from left ventricles (Figure 2d) . Together, the data indicate that both adipoR1 and adipoR2 are localized to the membrane of adult ventricular cardiomyocytes.
A thiazolidinedione (TZD) PPARγ agonist, rosiglitazone, activates the expression of adiponectin and its receptors in cultured cardiomyocytes
We further examined the effects of PPARγ on the expression of adiponectin and its receptors in cultured cardiomyocytes. QPCR revealed that the synthetic PPARγ ligand, rosiglitazone (10 μMol/L) induced upregulation of adiponectin mRNA in cultured adult cardiomyocytes and reached its peak at ~6 hours (Figure 3a) . There was no change in cardiomyocytes treated with vehicle for the same duration (data not shown). Furthermore, rosiglitazone treatment for 12 hours in cultured adult cardiomyocytes induced over 2-fold upregulation of adiponectin protein compared to vehicle-treated cardiomyocytes (Figure 3b ). ELISA assays revealed that rosiglitazone treatment induced a modest but significant increase of adiponectin secretion into the culture medium of the adult cardiomyocytes (Figure 3c ). Interestingly, rosiglitazone also augmented adipoR1 and adipoR2 mRNA in cultured adult rat cardiomyocytes compared with controls (Figure 4a and b) . Together, these results suggest that adiponectin and its receptors are transcriptional targets of PPARγ in the myocardium.
Adiponectin enhances rates of FAO and glucose uptake in cultured ventricular cardiomyocytes via activation of AMPK activity
To investigate a role of adiponectin on energy metabolism in adult ventricular cardiomyocytes, we measured 14 C Palmitate oxidation rates in cultured cardiomyocytes treated with or without globular adiponectin (2 μg/ml). Adiponectin pretreatment of cardiomyocytes produced substantially greater palmitate oxidation compared to control ( Figure 5 ). We further examined whether adiponectin treatment alters glucose uptake in cultured cardiomyocytes. As anticipated, adiponectin treatment substantially increased basal glucose uptake and further increased insulin-stimulated glucose uptake in cultured cardiomyocytes ( Figure 6 ). Therefore, adiponectin appears to be a positive regulator of both FAO and glucose uptake in cardiomyocytes presumably mediated by its two abundantly expressed receptors on cardiomyocytes. To investigate whether AMPK activation mediates adiponectin's effects on energy metabolism in cardiomyocytes, we evaluated AMPK activity by measuring the phosphorylation state of one of its substrates ACC. As expected, cardiomyocytes treated with adiponectin demonstrated increased pACC without altering ACC protein levels compared with vehicle treated cardiomyocytes (Figure 7a ). The increase in pACC levels peaked at 15 minutes after adiponectin treatment (Figure 7a ). ACC activation was associated with a subsequent increase of MCD activity (Figure 7b ) and a decrease in malonyl Co-A content (Figure 7b ) in cultured cardiomyocytes treated with adiponectin. These results indicate that activation of AMPK may mediate the functional effects of adiponectin on augmentation of FAO and glucose uptake in cardiomyocytes.
Discussion
The present study demonstrates that adiponectin and its two receptors are expressed in adult ventricular cardiomyocytes and enhanced by PPARγ activation. Treatment of adiponectin activates AMPK activity and subsequently upregulates FAO and glucose uptake in adult cardiomyocytes.
Adiponectin has long been defined as an adipocyte-specific secretary protein with insulinsensitizing effects on the liver and skeletal muscle [21] [22] [23] . It was reported that adiponectin is expressed in bone-forming cells [24] and its expression may be induced in cultured myotubes from skeletal muscle [25] . A recent report revealed that adiponectin can be detected from atrium-derived cardiomyocytes [4] . However, it remains unclear if adiponectin is expressed in ventricular cardiomyocytes, especially those from adult hearts. It also remains unclear on how the cardiac adiponectin expression is regulated and what are its roles in cardiomyocytes.
The relatively abundant expression of adiponectin in adult ventricular cardiomyocytes is quite a surprise. In this study, we utilized purified primary cardiomyocytes cultures being careful to exclude potential contamination by adipocytes to explore cardiac expression of adiponectin. Recently, a similar cardiac expression of leptin, another protein hormone that is involved in energy metabolic regulation, has been reported [26] . Adiponectin belongs to an adipokine superfamily. Another adipokine, TNFα, is also expressed and secreted from cardiomyocytes [27] . Interestingly, the globular domain of adiponectin displays highly similar homo-trimeric three-dimensional structures to that of TNFα, even though they have unrelated amino-acid sequences [28] . Therefore, adiponectin and TNFα may represent adipokines with important biological roles in cardiomyocytes. Recently, it was reported that adiponectin is localized at the periphery of damaged myocytes from myocardial and dilated cardiomyopathy patients [29] . Also, it has been shown that adiponectin treatment inhibits the progression of viral myocarditis through binding to the adiponectin receptor 1 in leptin-deficient mice [30] . Together, these findings and ours suggest that a local cardiac adiponectin system may represent a critical protective mechanism for the heart at pathological conditions. Two adiponectin receptors, adipoR1 and adipoR2, that mediate the biological effects of adiponectin was identified recently [3] . AdipoR1 is a high-affinity receptor for globular adiponectin and a low-affinity receptor for the full-length ligand, whereas adipoR2 is an intermediate-affinity receptor for both forms of adiponectin [3] . AdipoR1 is abundantly expressed in skeletal muscle, whereas adipoR2 is predominantly expressed in the liver; therefore, only full-length adiponectin is active in the liver [3] . Since our findings indicate that both adipoR1 and adipoR2 are expressed in cardiomyocytes at levels comparable to those found in skeletal muscle and liver, respectively ( Figure 2) ; thus, it is plausible to predict that cardiomyocytes should respond to adiponectin at various forms. This again emphasizes that adiponectin may play a pivotal role in regulating myocardial energy homeostasis. Accumulating evidence has shown that decreased levels of circulating adiponectin are associated with obesity, insulin resistance, Type 2 diabetes, and atherosclerosis, and that administration of adiponectin diminishes abnormalities associated with Metabolic Syndrome X [31] . Metabolic syndrome X is a major risk factor of cardiac dysfunction and heart failure [32] . Results from our current studies confirmed that adiponectin activates AMPK on cardiomyocytes, which in turn upregulates FAO and glucose uptake. Therefore, the cardiac adiponectin system appears to be essential for maintaining cardiac function in patients of Metabolic Syndrome X. The cardiac adiponectin described in the present study may exert its effects via autocrine or paracrine mechanisms. In this manner, even small amounts of adiponectin may exert a potent function on the cardiomyocytes. Alternatively, cardiomyocytederived adiponectin may serve as a reserved regulator of myocardial energy metabolism when circulating adiponectin becomes scarce in situations such as Metabolic Syndrome X. Further studies on the expression patterns of adiponectin and its receptors in myocardial tissue in obesity should be informative.
Our present results suggest that PPARγ might be one of the key determinants of myocardial energy homeostasis at least, in part, by regulating the expression of adiponectin and its receptors. Adiponectin promoter possesses a functional PPAR-responsive element (PPRE) and PPARγ/RXR heterodimer can directly bind to the PPRE and increase its promoter activity in cells [33] . PPARγ activation increases plasma levels of adiponectin in humans, while patients with dominant-negative PPARγ mutations exhibit substantially reduced adiponectin levels [34] . Contradictory results have been reported on whether PPARγ activation influences expression of adipoR1 and adipoR2 [35, 36] . Nonetheless, our studies support that adiponectin receptors are transcriptional targets of PPARγ in cardiac tissue. Thus, PPARγ activation could potentially affect adiponectin downstream signaling pathways. How PPARγ activation affects the expression of adiponectin receptors in cardiomyocytes remains unclear. However, we cannot exclude the possibility that they are regulated by the levels of adiponectin.
We demonstrated that the globular form of adiponectin augmented FAO and glucose uptake in cultured cardiomyocytes. Whether the full-length monomeric and/or multimeric forms of adiponectin also affect these or other biological properties of cardiomyocytes requires further evaluation. Given that adipoR2 is abundantly expressed in cardiomyocytes (Figure 2b) , it is likely that full-length adiponectin may also influence cardiomyocyte function.
Malonyl-CoA is synthesized in the heart by ACC and is a potent endogenous inhibitor of mitochondrial FAO [37] . ACC is phosphorylated and inactivated by AMPK (see review [6] ). In light of this, we hypothesized that adiponectin-mediated augmentation of FAO in cardiomyocytes is associated with AMPK activation and a concomitant increase in ACC phosphorylation and decrease in malonyl-CoA. Our data supported our hypothesis and were consistent with the findings of Yamauchi et al, which reveal a similar phenomenon in skeletal muscle and liver [2] . Conversely, another study reported earlier that globular adiponectin perfusion in isolated rabbit hearts increases myocardial FAO independent of AMPK activation [38] . This discrepancy may be due to different experimental approaches, animal species, in vitro cell culture versus ex vivo organ perfusion, as well as various time courses.
Taken together, the present study suggests that adiponectin may be an excellent candidate involved in the fine tuning of the heart's responses to energetic needs under both physiological and pathological conditions. The cardiac adiponectin system may coordinate regulation of myocardial energy balance in response to systemic and local needs under physiologic and pathologic conditions. Therefore, adiponectin may be a potential therapeutic alternative in treating cardiac energetic anomalies. a. Western blot analyses of pACC and ACC in rat cardiomyocytes treated with adiponectin (2 μg/ml) at different time points. The protein levels of pACC and ACC normalized to those of actin are shown. Data are expressed as mean±SEM, n=4, *P<0.01. b. MCD activity measured by spectrophotometric meathod in cardiomyocytes with and without treatment of globular adiponectin (2 μg/ml) for 30 minutes. Data are expressed as mean±SEM, n=4, *P<0.05. c). Malonyl CoA content measured by HPLC in adult rat cardiomyocytes (25×10 5 cells per flask) with and without treatment of globular adiponectin (2 μg/ml) for 30 minutes. Data are expressed as mean±SEM, n=5, *P<0.05.
